ABSTRACT When a large amount of wind power is connected to the power grid, certain control methods need to be taken for wind turbines (WTs) so that WTs can respond to system frequency changes and maintain system frequency stability. Based on the frequency control method of a single doubly fed induction generator, a deloading power coordinated distribution method for frequency regulation by wind farms considering wind speed differences is proposed to better utilize the wind farm frequency regulation ability. A reasonable distribution of the deloading power of a wind farm for participation in grid frequency regulation to better utilize the wind farm frequency regulation ability. A quantitative calculation formula for the wind speed, total deloading power and single WT deloading power is established by using a variable parameter deloading power coordinated distribution coefficient based on the wind speed. The deloading power is distributed according to the wind speed of the WT units to adapt to the wind speed distribution differences between WTs in cluster wind farms and fully utilize the wind farm frequency regulation ability. A typical doubly fed induction generator (DFIG) wind farm is used as a simulation case. The experimental results show that the control strategy can distribute the output of each WT, improve the frequency response of the wind farm and enhance the frequency stability of the system. INDEX TERMS Frequency regulation, wind farm, deloading power coordinated distribution, rotor kinetic energy control, deloading control.
I. INTRODUCTION
According to the 14th Global Wind Power Development Report released by the Global Wind Energy Council (GWEC), the global installed capacity of wind power will be approximately 51.3 GW in 2018, with a total installed capacity for electricity generation of 591.55 GW. The installed capacity of global wind power will exceed 300 GW in the next five years. The development is very rapid. Unlike conventional synchronous generators, most WTs use grids of power electronic converters to decouple the WT output from the system frequency. At the same time, a WT uses the maximum The associate editor coordinating the review of this article and approving it for publication was Md. Apel Mahmud.
power point tracking (MPPT) operation control mode, which cannot respond to frequency changes of the grid and lacks a frequency regulation capability. Therefore, a large number of WTs connected to the grid will reduce the system frequency stability [1] , [2] .
To improve the stability of the system frequency, domestic and foreign scholars have performed much research on single-WT frequency regulation strategies in recent years. In [3] - [7] , frequency deviation and frequency change rate signals are introduced into the active control loop of a WT, and the rotational kinetic energy inside the rotor of the WT is used to respond to system frequency variations, which enhances the inertial response capability of the system. In [8] - [12] , rotor overspeed operation and pitch operation are separately VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ adopted to reduce the power-wind speed curve of the normal operation of a WT, leaving room for system frequency regulation. When the system frequency drops, the WT increases the active output by adjusting the speed and pitch angle to suppress the system frequency drop. In [13] - [16] , the combination of rotor kinetic energy control and deloading control further improves the frequency response capability of a WT. In order to give full play to the frequency regulation potential of WTs, the frequency regulation strategy adopts the comprehensive frequency regulation strategy in the reference [10] , including deloading control and rotor kinetic energy control. Although the research on frequency regulation control strategies at the WT level has become more mature, regarding the problem of active power distribution between the units in wind farms, the current research mostly simply takes the wind speed as uniform and does not consider differences in wind speeds between units. In actual operation, the internal operating conditions of a wind farm are complicated. Due to differences in the local geographical distribution of wind speeds in a wind farm, the wake effect of a WT, and the specific topographical differences of the locations of WTs, the wind speeds of different units are quite different, even up to 50% [12] . If the wind speed difference is not considered, then fully utilizing the frequency regulation capability of a WT is difficult, which affects the wind farm frequency control. Therefore, the output of each WT must be coordinately controlled at the wind farm level to fully utilize the frequency regulation capability of the wind farm. In [18] , a method for coordinated internal control of wind farms is proposed. The deloading of WTs is realized by pitching. In addition, a frequency-regulated power weighting coefficient proportional to the wind speed is added to coordinate the active output between WTs, which improves the frequency stability of the system. However, this coordination method will cause the allocated active power of high-wind-speed WTs to exceed the full active power under the MPPT operation, which does not meet the principle that high-wind-speed units need to perform more frequency regulation tasks and reduces the frequency regulation effect due to the unreasonable distribution of the deloading power. On the basis of reference [18] , a frequencyregulated power weighting coefficient proportional to the wind speed is added in [19] , allowing high wind speed WTs to release more rotor kinetic energy to participate in frequency regulation, which further improves the frequency stability of the system. This method is simple and easy, but it linearizes the complex nonlinear relationship between the wind speed and active output. Additionally, the weight assignment is subjective, and the control effect is limited. Therefore, compared with the reference [18] , [19] , a method of deloading power distribution should be proposed, which can make WTs with different deloading levels at different wind speeds to fully exert the frequency regulation potential of WTs under various wind speeds.
The innovation of this paper is to propose a coordinated distribution method for frequency regulation by wind farms considering wind speed differences, which is mainly used to receive the deloading power of the wind farm from the dispatching center, and assign the deloading power to each WT according to the different wind speeds in the wind farm. The distribution method considers that the frequency regulation capability of WT has a great relationship with the wind speed, and the different WTs in the same wind farm do not operate at the same wind speed. In actual operation, the wind speed difference between the WTs can reach more than 50%.
The advantages of the deloading power distribution method proposed in this paper over the existing wind farm deloading power distribution method are as followed:
1) The power distribution is derived based on the wind speed-power characteristic relationship of the WT, and the deloading power is distributed according to the cubic relationship of wind speed. Compared with the linear relationship distribution in other literatures, the power output characteristics of the WT can be better matched, which is more conducive to the utility of the deloading control;
2) The upper limit of wind speed is considered in the distribution method, which avoids the problem that the deloading power distribution target is not realized in the practical application when the wind power of each WT reaches the upper limit due to the fact that the upper limit of wind speed is not considered in other literatures (such as [19] ). The deloading power distribution method proposed in this paper is more in line with the constraints of WTs.
II. DFIG UNIT FREQUENCY REGULATION CONTROL STRATEGY
According to the theory of aerodynamics, the output power of a DFIG can be expressed as:
In (1), λ = ωR/V w represents the tip speed ratio, β represents the pitch angle, ω represents the speed, R represents the blade radius, V w represents the wind speed, ρ represents the air density, C p represents the wind energy utilization coefficient, and λ i is an intermediate variable. The WT output is mainly related to the wind speed, the rotational speed and the pitch angle.
WT participation in system frequency regulation is mainly achieved by controlling the speed and pitch angle to control the WT output. The control strategy mainly includes rotor kinetic energy control and deloading control.
A. ROTOR KINETIC ENERGY CONTROL
The principle of rotor kinetic energy control is to introduce a frequency control loop into the active power control system of the WT to realize mutual conversion between the kinetic energy contained in the rotor of the WT and the output power of the unit such that the kinetic energy participates in the system frequency regulation and maintains the system frequency stability.
The kinetic energy E k of a WT rotor is:
In (2), J is the mechanical moment of inertia of the turbine, and ω is the WT speed. After a change in the WT speed, the energy converted from kinetic energy to electromagnetic power is:
In (3), ω 1 and ω 2 are the rotational speeds of the rotor before and after the control, respectively.
The system frequency deviation and rate of change are introduced into the active power control loop of the WT to make the rotor kinetic energy actively respond to a frequency change of the system. The additional active reference value of the method can be expressed as:
In (4), K df and K pf are the inertia control coefficient and the droop control coefficient, respectively. Setting the appropriate K df and K pf can effectively improve the dynamic frequency response of the WT and provide transient frequency support for the system. Since the kinetic energy contained in the rotor is small, the active power provided for the frequency regulation is limited. The deloading control portion plays a major frequency regulation role.
B. DELOADING CONTROL
Deloading control allows the WT to operate under suboptimal power point tracking by controlling the WT derating operation, thereby leaving a backup to support system frequency regulation. In (1), the wind speed determines the maximum output of the WT, and the WT deloading operation can be realized by controlling the WT rotor speed and the pitch angle. Therefore, deloading control is divided into pitch control and overspeed control.
1) PITCH CONTROL
As shown in Figure 1 , when the rotational speed is constant, the larger the pitch angle is, the smaller the output power of the WT is. Pitch control allows the WT to operate at the suboptimal power point by increasing the pitch angle, thus leaving an active backup for system frequency regulation. When the frequency decreases, the pitch angle is reduced, which increases the WT output, and the frequency of the system is supported. Under most working conditions, the pitch angle can be controlled to achieve deloading, and the pitch control can be adjusted over a wide range. However, a mechanical part is involved in pitch control, and the inertia of the mechanical part is large. Thus, the response speed of this method is slow, and pitch control is generally only applicable to medium-and high-wind-speed conditions. 
2) OVERSPEED CONTROL
When a WT runs on the MPPT curve, increasing or decreasing the speed can reduce the WT output. However, reducing the speed easily causes small interference stability problems, so overspeed control is generally used to achieve deloading, as shown in Figure 2 . When a WT runs on the MPPT curve, the corresponding speed and active output are ω 0 and P 0 . After overspeed control, the speed increases, the MPPT curve shifts to the right, and working point A changes to point B along the power-speed curve, which reduces the active output. When the frequency decreases, the WT speed decreases, the deloading operation curve shifts to the left, the working point changes from B to C, the electromagnetic power and mechanical power reach equilibrium, and the output power increases to suppress the system frequency drop. Overspeed control has the advantage of a fast response and the ability to provide a frequency backup. However, overspeed control is subject to the rotor speed amplitude and generally only suitable for low-wind-speed conditions.
C. JOINT CONTROL
The rotor kinetic energy can provide an inertial response capability. Deloading control can provide a WT with a frequency regulation backup. Combining the two control modes can provide the WT with a similar frequency regulation capability as a synchronous machine. The specific control block diagram is shown in Figure 3 . The operating area of the WT is divided into an overspeed deloading zone and a pitch deloading zone: in the overspeed deloading zone, the rotor kinetic energy control and the overspeed control work together; in the pitch deloading zone, the rotor kinetic energy control and the pitch control work together, which realized the joint control of the kinetic energy control and deloading to participate in primary frequency regulation, and further improve the frequency regulation capability of the WT.
To coordinate the two control modes of overspeed deloading and pitch deloading and fully utilize the frequency regulation potential of WTs, the judgment link of the two frequency regulation strategies is set, and a frequency regulation strategy for wind power based on limited overspeed deloading curve partitioning proposed by the research group is adopted [10] . In rotor kinetic energy control, the frequency deviation signal f is obtained based on a high-pass filter and the droop control coefficient to obtain the signal P 1 , the frequency change rate signal df /dt is obtained based on a low-pass filter and the inertia control coefficient to obtain the signal P 2 , and P 1 and P 2 together form the active correction signal P. When the system load increases and the frequency decreases, the rotor kinetic energy control strategy releases the rotor kinetic energy by reducing the rotor speed, and outputs more active power to the system in a short time to provide frequency support for the system. And the parameters of the rotor kinetic energy control are designed as:
In the deloading control, the relationship between the overspeed limit deloading level and the wind speed is obtained through the ''reverse derivation method'', that is, V 0 is the maximum wind speed of the overspeed deloading at the d% deloading level. Therefore, under the condition of deloading level d%, when V min < V < V 0 , the overspeed deloading control is used, and when V 0 < V < V max , the pitch deloading control is used.
In the correction link, to make the deloading capacity of the WT respond to changes in the system frequency, a correction link must be added to the control to correct the deloading coefficient and regulate the WT output when the system is subjected to load disturbance. The specific correction formula is as follows:
In (5), d % is the corrected deloading level, K 1 is the correction factor, f is the frequency deviation, and f 0 is the reference frequency. When a load disturbance occurs in the system, the deloading will be regulated according to the frequency deviation of the system, and then the speed and pitch angle of the WT will be regulated by overspeed control and pitch control, respectively, to change the output of the WT. The WT can thus respond to a frequency change of the system and maintain the frequency stability of the system.
In the whole frequency adjustment process, kinetic energy control provides only inertial support for the system and cannot increase the output of the WT; thus, the primary frequency capacity of WTs is mainly related to deloading control. The output variation of the WT during the first frequency adjustment process is as follows:
In (6), the magnitude of the correction coefficient K directly affects the primary frequency adjustment capability of the WT. The magnitude of K is related to the actual output P 0 , the rated output P N , the de-loading level d% and other factors. In the simulation experiment, the setting range of K is 2 to 50, which ensures that the WT has a good control effect on the load disturbance.
III. DELOADING POWER DISTRIBUTION METHOD FOR FREQUENCY REGULATION BY WIND FARMS CONSIDERING WIND SPEED DIFFERENCES
The total power of the wind farm is the sum of the output of each WT:
In (7), m is the number of WTs on the wind farm, P i is the active power output of the i-th WT, and P WF is the total active power of the wind farm.
In order to achieve deloading control, it is necessary to calculate the deloading level of the wind farm. The deloading level can be determined by two methods, one is to calculate the deloading power of wind farm automatically by AGC. The AGC system of the power grid dispatching center calculates the power generation adjustment of some power plants in real time according to the system frequency change or the tie line power change, including the output variation of the wind farm, and this part of the power is determined by the AGC algorithm. A single wind farm will not exceed 20% of the wind farm capacity during an adjustment cycle that generally does not exceed 5 minutes. The other is manually determined. According to the dispatching operation experience of the dispatcher, when the tie line power has a risk limit or the system frequency has a limit risk, the dispatcher will manually limit the output level of some wind farms by scheduling instructions. In some cases, the output of a wind farm may be reduced by 50%. The deloading level of a general wind farm is mostly between 10% and 20%, so the deloading level of the wind farm is set to 10%, 15% and 20% in the simulation system.
If the deloading level of the wind farm is d%, then the output P WF of the wind farm after deloading is as follow,
According to the conventional equal deloading distribution method,
In (9), P i_equal is the output of the i-th WT after equal deloading, so the deloading level of each WT is d%.
In the wind speed range of the normal operation of a WT, the larger the wind speed is, the larger the range of the output power of the WT and the greater the corresponding frequency regulation ability. Due to the complex uncertainty of the wind speed and other factors on a wind farm, the operating states of different WTs are different, resulting in differences in the deloading and frequency regulation capabilities of the WTs. To fully utilize the deloading and frequency regulation capability of each WT, a control strategy for coordinated distribution of the internal deloading power of a wind farm based on the wind speed of WTs is designed, as shown in Figure 4 . The control strategy can adjust the deloading level of a WT in real time according to the wind speed, reasonably distribute the deloading power, and optimize the frequency regulation capability of the wind farm.
Considering that the maximum output of a WT is closely related to the wind speed, the adjustable range of the power is greatly affected by the wind speed. Therefore, the coordinated deloading active settings can follow the following principles: for WTs with wind speed conditions below the rated wind speed, in the wind speed range of the normal operation of the WTs, the larger the wind speed is, the larger the range of the output power of the WTs and the greater the corresponding frequency regulation ability. In this case, these WTs need to undertake more frequency regulation tasks. For WTs with high wind speed (wind speed higher than the rated wind speed), a small difference exists in the frequency regulation capabilities of the WTs under the premise of ensuring the deloading level of the entire wind farm, so the same deloading level can be set for these WTs. According to (1) and (8), the active power output of a wind farm after deloading is as follows:
In (10), v n is the rated wind speed, v min is the minimum wind speed for a WT connected to the grid, and v max is the maximum wind speed for the stable operation of the WT. P i is the active output of the i-th WT after coordinated deloading, P viMPPT is the active output of the WTs with wind speed v i under the MPPT operation, d i % is the actual VOLUME 7, 2019 FIGURE 5. Simulation system structure diagram. equivalent deloading level of the i-th WT after deloading, and m is the number of WTs on the wind farm. P WFMPPT is the active output of all operating WTs operating in the maximum wind power state of the wind farm and satisfies
The setting of the actual deloading level d i % when the wind speed is less than the rated wind speed can be based on the relationship that the DFIG active output is approximately proportional to the wind speed cubed. Therefore, the actual deloading level of the i-th WT can be expressed by the following formula:
This type of deloading can not only effectively maintain the stability of the system frequency but also take into account the influence of wind speed on the frequency regulation capability and enable full utilization of the frequency regulation potential of the WTs under each working condition. In the case of wind farms, this type of frequency regulation strategy is more practical.
IV. SIMULATION
The simulation uses a 50-Hz, 220-kV power system as shown in Figure 5 . In the system, the rated capacity of synchronous generators G1, G3, and G4 is 800 MW; the capacity of the wind farm is 400 MW, the capacity of a single WT is 2 MW, and the wind farm has 200 DFIG units. The loads L1 and L2 are 1200 MW and 1000 MW, respectively, and the disturbance load is 200 MW. The relevant parameters of the DFIG are as follows: starting speed of the WT of 0.51 p.u.; maximum speed of 1. The wind farm's deloading level is 10%. Case 2 is the same as Case 1 in terms of the total number of WTs. The initial active outputs before load disturbance of the wind farm are the same under the three modes of equal deloading distribution, reference [19] distribution, and coordinated distribution, all of which are the active output of the wind farm after 10% deloading. The simulation results are shown in Figure 6 , Table 1, Table 2, and  Table 3 . Figure 6 , Table 1 and Table 2 show the variation of the system frequency when the disturbance load rises and falls by 200 MW. The simulation results show that under the action of the rotor kinetic energy control and deloading control strategy, the wind farm can reduce the maximum frequency deviation and steady-state frequency deviation caused by a load disturbance after participating in frequency regulation, suppress system frequency changes and improve the system frequency response characteristics. The joint deloading power allocation control strategy proposed in this paper can further improve the system frequency response capability. The output response of each WT group is shown in Table 3 : the output of the wind farm after the load disturbance increases by 14.27 MW, 10.152 MW and 20.871 MW, respectively, when adopting equal deloading distribution, reference 19 distribution and joint distribution. The output of the wind farm after disturbance under the joint distribution is 6.601 MW higher than that under the equal deloading distribution and 10.719 MW higher than that under the reference [19] distribution. According to the deloading power distribution method based on a fixed coefficient, the active output of half of the WTs before the disturbance is close to the active output under the MPPT state. The reserved deloading power of these WTs is small, the output power changes are limited, the maximum frequency deviation is relatively small, the frequency regulation ability is weak, and the steady state is weak. The frequency deviation is also relatively small, which is not universal for wind farms with complex working conditions. Therefore, the joint distribution method can regulate the deloading level of each WT according to the wind speed and improve the frequency response capability of the wind farm. When the system load drops by 200 MW, the joint control can also improve the frequency response characteristics of the system, as indicated in Table 2 .
B. CASE 2
To reflect the universality in the method proposed in this paper, another set of specific working condition on the wind farm is studied: the number of WTs with wind speeds of 7 m/s, 7. Figure 7 shows the frequency response curves of the system when the deloading level is 10%, 15%, and 20% and the load disturbance is 200 MW. Figure 7 shows that the joint strategy can improve the primary frequency regulation capability of the wind farm and enhance the frequency stability of the system at different deloading levels. Table 4 reports the frequency variation of the system with the joint distribution control strategy under different deloading levels. Table 4 indicates that the higher the deloading level is, the smaller the steady-state frequency deviation and the better the frequency stability of the system; that is, the higher the deloading level is, the stronger the primary frequency regulation capability of the wind farm. The effect of the deloading level on the system's maximum frequency deviation and frequency change rate is not obvious, but the effect on the steady-state frequency deviation is obvious. This phenomenon occurs because the greater the deloading level is, the stronger the primary frequency regulation capability of the wind farm. However, the change of the system inertia is small, and the inertial response capability is almost constant. Thus, the maximum frequency deviation and frequency change rate of the system after deloading exhibit small changes. The general wind farm deloading level is set from 10% to 20%.
C. CASE 3
To further prove the effectiveness of the frequency regulation deloading power distribution method proposed in this paper, the input wind speed of WTs 1∼10 is increased from Figure 8 ; the deloading power is redistributed at 50 s. The other specific conditions of the wind farm are the same as in Case 1, and the simulation results are shown in Figure 9 .
As is shown in Figure 9 , the frequency regulation deloading power allocation method proposed in this paper is also applicable to variable-wind-speed conditions. Compared with the no-control strategy, the equal deloading power allo- cation strategy and the deloading power allocation strategy in [19] , the proposed deloading power allocation method can further improve the frequency response capability. The increase in the wind speed leads to an increase in the frequency at 40 s, and the frequency increase is slowed down due to the frequency regulation. After the wind speed stops increases, the deloading power is redistributed and the frequency decreases. Load disturbance occurs at 80 s, and the frequency is stabilized after frequency regulation, which is within a reasonable range. At the same time, the method proposed in this paper achieves the best frequency regulation effect by coordinating the distribution of the deloading power of each WT.
V. CONCLUSION
When WTs are equipped with the rotor kinetic energy control and deloading control module, the active control on a wind farm should consider the difference between the operating conditions of the WTs to fully utilize the frequency regulation capability and better maintain the stability of the system. This paper proposes a wind farm active power joint control strategy based on wind speed for deloading power distribution and establishes a quantitative calculation relationship between the wind speed, wind farm total load reduction and single WT deloading power. The deloading power is more reasonably distributed to each WT to fully utilize the frequency regulation capability of the wind farm. The method is simple and easy to implement and is suitable for active control of wind farms and wind power clusters. His current research interests include the areas of power system intelligent analysis and control, power system frequency regulation by wind power, power grid fault diagnosis and restoration, and NP problems in power system online analytics.
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